We studied the structure of viral nucleoprotein complexes extracted from the nuclei of mouse cells infected with the immunosuppressive strain of the minute virus of mice (MVMi). Two types of complex were detected, with sedimentation coefficients of about 110 and 40S. The complexes sedimenting at 110S contained single-stranded MVMi DNA as well as a second form of viral DNA which apparently had a heat-sensitive secondary structure. The 110S peak also contained proteins which coelectrophoresed with the MVMi capsid proteins. Complexes sedimenting at 40S contained the double-stranded replicative form of MVMi DNA. These complexes sedimented faster than did the pure replicative form DNA (15S), but more slowly than cellular chromatin fragments containing DNA of the same length. They incorporated labeled deoxynucleoside triphosphate in vitro into the replicative form DNA. We investigated the structure of MVMi nucleoprotein complexes in the following ways. Nuclei of MVMi-infected cells were digested with staphylococcal nuclease, and the resulting DNA fragments were electrophoresed, transferred to nitrocellulose, and hybridized first with labeled MVMi DNA and then with cellular DNA. A nucleosomal repeat pattern was seen with the cellular DNA probe but not with the MVMi DNA probe. The DNA in MVMi nucleoprotein complexes was cross-linked with psoralen, purified, denatured, and examined with an electron microscope. Bubbles, indicating the presence of proteins, were seen in the MVMi DNA. The length of the DNA in the bubbles was 90 29 nucleotides. On the other hand, nucleosomes protected 160 base pairs from cross-linking by psoralen. The MVMi nucleoprotein complexes thus have a distinct structure which is different from that of chromatin.
The minute virus of mice (MVM) is a member of the autonomous parvovirus group (reviewed by Ward and Tattersall [35] and Berns [5] ). The small icosahedral MVM virions contain a linear DNA molecule about 5.1 kilobases long which is mostly single-stranded but with base-paired hairpins at each end (5, 35) . In the infected cell, the virion DNA is converted to a double-stranded replicative form (RF). The MVM genome encodes the three proteins which make up the viral capsid, VP-1, VP-2, and VP-3, as well as two nonstructural proteins, NS-1 and NS-2 (10) . The functions of NS-1 and NS-2 are not yet clear.
An immunosuppressive variant of MVM was reported by Bonnard et al. (6) , and we showed that the variant, MVMi, is similar in structure and closely related in DNA restriction pattern to the prototype strain MVMp (22) . Nevertheless, MVMi and MVMp have different biological properties. MVMi grows in cells derived from lymphoid tissue, and it inhibits various functions mediated by murine T lymphocytes in vitro (12) . On the other hand, MVMp grows in fibroblasts and has not been found to inhibit T-lymphocyte functions. The nucleotide sequence of the genome of MVMp is known (1) . The sequence of the genome of MVMi has recently been determined (26) , and comparison of the two viral genomes shows regions of sequence variation that probably determine their distinct specificities for the differentiated state of the host cells.
To understand the interactions between MVMi and MVMp and their host cells, we need to know which proteins associate with the viral DNAs. In the work reported here, we have studied the nucleoprotein structures of MVMi extracted from infected cells. In particular we were inter-* Corresponding author. ested in whether intracellular MVMi DNA is organized into structures similar to or different from chromatin.
MATERIALS AND METHODS
MVMi, MVMp, and their host cells, the EL-4 lymphoma line and A9 fibroblasts, were described by McMaster et al. (22) . The cells were grown as monolayers in Dulbecco modified Eagle medium containing 5% calf serum. For infection, the medium was removed from cultures that were between 30 and 50% confluent and replaced by 0.4 ml of virus suspension (generally an infected cell lysate) per 9-cm plate. After 90 min at 37°C, 10 ml of medium with 2% calf serum was added, and the infection continued for 24 h. At times noted, at 24 h after infection cells were labeled with [3H]lysine (75 Ci/mmol, 100 ,uCi/ml) in Earle saline for 30 min, followed by a chase for 30 min with medium containing 2% calf serum.
Except where noted otherwise, the experiments were done with MVMi. To isolate MVMi nucleoprotein complexes, infected EL-4 cells were washed with cold phosphate-buffered saline, then harvested gently into HBE (10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid]-KOH [pH 7.8], 5 mM KCl, 1 mM EDTA). EL-4 cells attached only loosely to the plastic surface. The cells were pelleted for 3 min at 1,000 x g in the Sorvall HB4 rotor (Ivan Sorvall, Inc., Norwalk, Conn.). The pellet was suspended in HBE, and the cells were lysed by dropwise addition, with mixing, of 1% Nonidet P-40 to give a final concentration of 0.1%. This suspension was centrifuged for 2 min at 1,000 x g to give a loose pellet of swollen or lysed nuclei. To this material in HBE was added NaCl to a final concentration of 0.2 M, and the suspension was left for 1 to 4 h on ice. The precipitated cellular chromatin was pelleted at 10,000 x g for 10 min, and the supernatant containing the MVMi nucleoprotein complexes was stored on ice. For sucrose gradient velocity centrifugation, this crude extract was layered onto a 5 to 20% (wt/vol) gradient of sucrose in HBE containing 0.2 M NaCl. Centrifugation was at 164,000 x g for 65 min at 4°C in the Beckman SW60 rotor (Beckman Instruments, Inc., Fullerton, Calif.). After centrifugation, about 20 fractions were collected dropwise from the bottom of the tube. MVMp nucleoprotein complexes were extracted 20 to 24 h after infection of A9 cells by the method previously used for simian virus 40 (SV40) (2) .
Gel electrophoresis of DNA through 1% agarose (type II; Sigma Chemical Co., St. Louis, Mo.) was either in 40 mM Tris hydrochloride [pH 7.8]-10 mM EDTA-5 mM sodium acetate, by using a horizontal electrophoresis apparatus 20 cm long, or in 89 mM Tris-89 mM boric acid-2 mM EDTA, by using a minigel apparatus 7.5 cm long. Samples were prepared in 10% glycerol-1% sodium dodecyl sulfate-0.02% bromophenol blue; where noted they were digested with pronase, 100 to 500 ,ug/ml, at 37°C for 15 min before electrophoresis. After staining in ethidium bromide (1 ,ig/ml), gels were photographed with Polaroid 667 film under UV transillumination.
Proteins present in gradient fractions were analyzed by electrophoresis in 15% polyacrylamide gels (17) . Proteins were either stained with silver (24) or detected by fluorography (18) .
DNA polymerase activity in sucrose gradient fractions was assayed by a modification of the method of Hubscher (14) . The fractions to be tested were diluted threefold into a reaction mix, giving final concentrations of 10 mM HEPES-KOH [pH 7.8], 2 mM KCI, 65 mM NaCl, 0.3 mM EDTA, 100 ,ug of bovine serum albumin per ml, 4 mM dithiothreitol, 10 mM MgC92, 50 ,uM each dGTP, dTTP, and dCTP, and 25 ,uM [32P]dATP (5 jXCi/100-,ul reaction). Reactions were stopped after 30 min at 37°C by the addition of sodium dodecyl sulfate to a 1% concentration, and the unincorporated radioactivity was removed on a small column of Bio-Gel A 15-M (Bio-Rad Laboratories, Richmond, Calif.). Material in the excluded volume was precipitated with ethanol and analyzed by gel electrophoresis and autoradiography.
To prepare nuclei for staphylococcal nuclease digestion, cells were swollen in lysis buffer containing 15 (Fig. 2) . The prominent proteins cosedimenting with the 110S peak (fract shown contained the 40 and 60S ribosomal subunits tion 7) were the MVM capsid proteins VP-1, VP-2, and served as sedimentation markers in the gradient. Two VP-3. Several other proteins were present in lesser amounts, of virus-specific DNA were seen, with sedimentation but histones were not visible. This experiment did not allow ients of approximately 110S (extrapolated from the us to identify which proteins were associated with viral DNA rs) and about 40S. The sedimentation coefficient of in the 40S peak because many cellular components, includvirions is known to be 110S (35) .
ing ribosomal subunits, sedimented to this position, and in DNA in the 110S peak showed a predominant band addition, the gel was heavily loaded to allow the detection of minor band after electrophoresis. The Fig. 5 contamination by ribosomal subunits. With this material, ther example). We called this DNA "band X". It was capsid proteins could readily be detected in both the 110 and specific, as shown by transfer to a nitrocellulose filter the 40S regions (Fig. 3C ). rbridization with a probe of MVM DNA. Its electroFractions of a sucrose gradient similar to that shown in ic migration was unaffected by prior digestion with Fig. 2 were incubated with radioactive deoxyribonucleoside e; however, after treatment either with 0.3 M NaOH triphosphates under conditions allowing DNA synthesis by '00C for 5 min, all the DNA from 110S peak migrated endogenous DNA polymerase (12) . DNA was isolated from position of virion DNA (data not shown). Band X the reactions and electrophoresed with molecular weight )re seemed to be a form of MVMi DNA having a markers on an agarose gel which was stained with ethidium lar secondary structure distinct from both the virion bromide, photographed, then dried and autoradiographed plicative forms. After sodium dodecyl sulfate was (Fig. 4) . A radioactive band close to the position of RF DNA the 40S peak yielded DNA which migrated close to was seen with the sample corresponding to the 40S peak sition of MVMi RF but did not yeld any detectable from the sucrose gradient. The 11OS-peak fraction showed electrophoresis. On the ethidium-stained gel (Fig. 6a) , the ial subunits (rRNA). Bottom, Sedimentation coefficients (S) typical series of bands which result from the repeating ibosomal subunits plotted against gradient fraction number.
nucleosomal structure of chromatin (13) with radioactively labeled cloned MVMi DNA, and autoradiographed (Fig. 6b) . As expected, the DNA from uninfected cells showed no hybridization. (The faint signal at the position of MVM DNA in the third track of uninfected cell DNA hybridized with the MVM probe is believed to be due to contamination with viral material on loading the gel. No such cross-reaction was seen in other hybridizations.) The DNA from MVMi-infected cells showed, before nuclease digestion, two strongly hybridizing bands representing the replicative and single-stranded forms of MVMi DNA. With nuclease digestion, the upper of the two bands (RF DNA) disappeared, whereas the lower band (single-stranded virion DNA) was more resistant, some remaining even after the longest digestion time used. With the disappearance of the band of RF DNA, a smear of hybridizable DNA was formed. This digestion pattern differed from the normal nucleosomal digestion pattern in two respects. First, although the smear was not uniform (several broad bands could be discerned within it), bands were absent from the positions corresponding to the nucleosomal oligomers. Second, there was little or no accumulation, with increasing nuclease digestion, of DNA of the sedimentation M 3 7 11 15 19 RF - length corresponding to a single nucleosome (compare with filter was washed under conditions that removed most of the Fig. 6a and c) .
MVMi DNA probe and rehybridized with radioactively To check that the transfer and hybridization method was labeled mouse DNA. The resulting autoradiogram (Fig. 6c) capable of detecting nucleosomal DNA fragments, the same showed a nucleosomal repeat pattern for both uninfected and infected nuclei, with DNA accumulating in the nucleosomal monomer band on increasing nuclease digestion. Removal of the previously hybridized MVMi DNA apparently was incomplete, since the bands corresponding to the MVMi single-stranded and replicative form DNAs were still visible, though much fainter, in Fig. 6c .
Psoralen cross-linking of the DNA in MVMi nucleoprotein complexes. When double-helical DNA is irradiated with UV light in the presence of trimethylpsoralen, the DNA strands become cross-linked. The frequency of cross-links, under the conditions we used, is such that the DNA still appears uniformly double-stranded when prepared for electron microscopy under denaturing conditions (27) . The presence of nucleosomes on the DNA interferes with either psoralen binding or the cross-linking reaction, so that the pattern of cross-linking of DNA in chromatin reflects the distribution of nucleosomes along the DNA, with the cross-links occurring in the internucleosomal spaces (27 and references therein).
We extracted MVMi nucleoprotein complexes as shown in Fig. 1 , cross-linked the DNA with 4,5',8-trimethylpsoralen, and examined the distribution of cross-links in the purified DNA by electron microscopy under denaturing conditions. The cellular chromatin from the same preparations and extracted SV40 chromosomes (29) were treated in parallel as controls.
In the sample from MVMi infected cells (Fig. 7a) , both single-and double-stranded DNAs were seen, representing, we assume, the virion form and RF DNAs known to be present in the extract. Denatured loops (bubbles) were present in the double-stranded DNA, confirming that there were indeed proteins on the DNA in the extracted MVMi nucleoprotein complexes. The sizes of the bubbles (Fig. 8) followed a narrow distribution somewhat skewed in the direction of longer bubbles. Using the single-stranded DNA of MVMi (5,081 nucleotides [26] ), as an internal length standard, the mean length of the bubbles was 90 ± 29 nucleotides. At the upper end of the distribution, there were bubbles as long as 400 nucleotides. The larger bubbles did not seem to be at unique sites along the DNA, nor was the spacing between bubbles always uniform. On the other hand, the bubbles in the SV40 control sample (Fig. 7b) had an average length of 160 ± 35 nucleotides, which is consistent with the known nucleosomal structure of the SV40 chromosome (a detailed analysis of psoralen cross-linking of SV40 chromosomes is being published separately: Sogo et al., in press). The cross-linked chromosomal DNA from the EL-4 cells also showed the regularly spaced single-stranded bubbles characteristic of chromatin, as expected (data not shown). We conclude that the cross-linking pattern observed with MVMi nucleoprotein complexes differs from that observed with DNA from chromatin. In some samples of cross-linked MVMi DNA, double-stranded molecules held in a circular structure were observed. These may correspond to the circular structures noted by Bratosin et al. (7); we have not yet investigated them further.
DISCUSSION
We detected two forms of MVMi nucleoprotein complex in extracts of nuclei of infected cells. Neither of them apparently had a structure like that of the bulk of cellular chromatin, as judged by several criteria. The sedimentation coefficient of the faster-sedimenting complex (about 110S) is that of MVM virions (35) . It contained single-stranded MVMi DNA and the viral capsid proteins. The singlestranded DNA was fairly resistant to staphylococcal nuclease. We conclude that the 110S complex contained mature and possible immature MVMi virions. Another form of MVMi DNA (band X) was also detected in complexes sedimenting at 110S. This DNA was not present in purified mature MVMi virions, it migrated on electrophoresis between the single-stranded virion DNA and RF DNA, and after heating it migrated as the virion DNA. Band X DNA is unlikely to be double-stranded RF DNA containing a replication fork because this structure, being larger, is expected to migrate more slowly than RF on electrophoresis. Band X DNA could represent virion DNA held by base-pairing in a secondary structure (which could be associated with immature virus particles) or possibly a dimer of virion DNA held together by intermolecular base-pairing at the palindromic DNA ends. Nevertheless, the 110S nucleoprotein complexes (in contrast to those sedimenting at 40S) did not incorporate labeled deoxynucleoside triphosphate into DNA in vitro.
The nucleoprotein complexes with a sedimentation coefficient of 40S contained the double-stranded MVMi RF DNA. That this DNA was indeed associated with proteins is indicated by the following: the sedimentation coefficient was greater than that of purified MVMi RF DNA, which is 15S; the DNA was partially protected against cross-linking by psoralen; and when the 40S material from a sucrose gradient was rebanded in an isopycnic gradient of metrizamide, it had the density of a nucleoprotein complex, not of bare DNA (data not shown). The relatively narrow size distribution of the DNA bubbles protected against psoralen suggests a repeated subunit structure.
The MVMi nucleoprotein complexes were sometimes contaminated with fragments of cellular chromatin. This was not simply a result of the chromatin extraction methods, since fragmented host cellular DNA was also seen when MVMi DNA was extracted directly from infected cells with sodium dodecyl sulfate (data not shown). Evidence of fragmentation of cellular chromatin can be seen in Fig. 6c in the first track (the zero time point for staphylococcal nuclease) from infected cells, which already shows a nucleosomal DNA repeat pattern. This is not seen in the sample from the uninfected control cells. Thus infection by MVMi leads to fragmentation of cellular chromatin. When a nuclear extract containing both the MVMi nucleoprotein complexes and fragments of cellular chromatin was analyzed by sucrose gradient velocity centrifugation and agarose gel electrophoresis, neither of the viral complexes sedimented at the same rate as did cellular chromatin with DNA of the length of MVMi DNA (Fig. 5) .
To examine the proteins associated with MVMi DNA, we selected an extract which was not detectably contaminated with fragments of celluar chromatin, sedimenting in the same region of the gradient as the MVMi nucleoprotein complexes. Under these conditions, we did not detect histones cosedimenting with the viral complexes. In fact, the major proteins in the peak of nucleoprotein sedimenting at 110S were the viral capsid proteins. It is still quite possible that each MVMi RF DNA molecule associated with a small amount of histone (not enough for us to detect) to form an irregular or unfolded structure. It is also possible that a small proportion of the intracellular MVMi DNA associated with histones to form regular chromatin, but the majority, apparently, did not. MVM virions are known not to contain histones (32) . Identification of the proteins specifically associated with MVMi RF DNA proved difficult because of the number of host cell proteins which sedimented to the same position in sucrose gradients. Nevertheless we could readily detect the capsid proteins VP-1 and VP-2 in the 40S peak. The cosedimentation does not prove that the capsid proteins are associated with the replicating complexes, but it would be at least consistent with the notion (33) (36) . At the same time, the coding region of the gene becomes depleted of histones (15) . MVMi (23) . Our observation that MYMi RF DNA did not form a regular chromatin structure may also indicate that in the infected mouse cells, chromatin can be assembled properly only on DNA that is able to be supercoiled. Whether this topological requirement for chromatin assembly is general, however, remains unclear. The intranuclear DNA of the parvovirus adeno-associated virus (AAV) was reported not to give a nucleosomal repeat pattern after staphylococcal nuclease digestion (8) . However, in another study (21) , partial nuclease digestion did reveal protected DNA fragments similar to those of nucleosomes. The fact that AAV DNA integrates into the host chromosomes (9) complicates interpretation of the results with AAV. The linear genome of adenovirus itself (11) and that of herpes simplex virus (19) are found predominantly in structures other than nucleosomes during the late phase of viral replication. A fraction of the parental adenovirus DNA on the other hand, in the early phase of infection, apparently does form a nucleosome-like structure (30) . VOL. 58, 1986 
